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Using data from STEREO and SOHO spacecraft, we show that temporal organization of energy
release events in the quiet solar corona is close to random, in contrast to the clustered behavior
of flaring times in solar active regions. The locations of the quiet-Sun events follow the meso- and
supergranulation pattern of the underling photosphere. Together with earlier reports of the scale-free
event size statistics, our findings suggest that quiet solar regions responsible for bulk coronal heating
operate in a driven self-organized critical state, possibly involving long-range Alfve´nic interactions.
PACS numbers: 96.60.P-, 96.60.Mz, 96.60.qe, 05.70.Jk
The Sun’s corona has one of the most violent plasma
environments in our solar system. Coronal active re-
gions formed by an intense large-scale magnetic convec-
tion in the underlying photosphere produce major explo-
sive events such as X-class flares, coronal mass ejections,
and filament eruptions causing dramatic space weather
effects. Quiet coronal regions dominated by the mag-
netic network exhibit smaller-scale but abundant energy
release events which are instrumental for bulk coronal
heating (see e.g. [1–4] and refs therein). Understand-
ing the physical mechanism responsible for heating the
corona via these bursty events remains one the most im-
portant problems in astrophysics [5].
The directly measured coronal brightenings are unable
to supply the energy loss rates of 105− 107 erg cm−2 s−1
required for the coronal heating [6]. This discrepancy
implies a collective contribution from a large number of
partially unresolved energy release events such as those
associated with a localized magnetic reconnection [7] or
resonant wave heating [8]. The appearance of such events
in the topologically complex and highly conductive coro-
nal plasma involves cooperative interactions across wide
ranges of spatial, temporal and energy scales [9].
Self-organized criticality (SOC) [10, 11] and fluid tur-
bulence [12] are two plausible statistical-physical scenar-
ios governing multiscale interactions in the corona. SOC
models address the thermodynamic limit of Parker’s sce-
nario of nanoflare heating [13, 14] under slow-driving con-
ditions [15, 16], and reproduce many of the observed coro-
nal statistics [9, 16]. High-Reynolds number fluid turbu-
lence in coronal loops (e.g., [17, 18]) offers an alternative
path to these probabilistic signatures.
The two scenarios can be distinguished based on
the statistics of occurrence times of dissipation events
[19, 20]. In paradigmatic SOC models, the times of initia-
tion of energy avalanches are fully random since the prob-
ability of an avalanche is given by the ratio between the
number of minimally stable states and the total system
size [10]. As the latter increases, this ratio approaches a
constant, giving rise to a Poisson statistics of the event
occurrence times. In intermittent turbulence, the occur-
rence times are organized in multiscale clusters revealing
the hierarchy of temporal scales of the underlying fluid
dynamics [19]. While the temporal clustering of energy
dissipation is not necessarily related to turbulent flows
[21–23], its absence makes a strong case for a SOC-like
dissipation mechanism.
Until now, analyses of temporal correlations of solar
flares have been focused on high-energy eruptive events
resulting in significant increases of the extreme ultravio-
let or X-ray emission fluxes [19]. Such events are typically
produced by solar active regions [23, 24] and do not re-
flect the dynamics of bulk coronal plasma residing in the
quiet regions.
In this Letter, we present the first statistical study of
the occurrence times of heating events in the quiet Sun,
in conjunction with spatial clustering of the events. Us-
ing the correlation integral (CI) technique, we show that
temporal organization of these events is indistinguish-
able from stationary Poisson process across the entire ob-
served range of scales (300− 5× 104 s), and is therefore
consistent with paradigmatic SOC models. Clustering
of event positions follows the convection pattern of the
photospheric supergranulation acting as a spatially dis-
tributed driver. Together with earlier reports of power-
law distributions of heating events, our results suggest
that bulk energy conversion in the solar atmosphere oc-
curs via SOC-like avalanches of magnetic energy dissipa-
tion, possibly involving long-range Alfve´nic interactions.
We studied coronal images obtained from Solar TEr-
restrial RElations Observatory Extreme Ultraviolet Im-
ager (STEREO EUVI) [25] representing the dynamics
of a quiet Sun during 17:29:00 05/04/2007 – 10:58:00
06/04/2001. The overall activity level during the ob-
served interval remained low, with the GOES X-ray
fluxes staying below 10−8 W m2. The 171A˚ bandpass
corresponding to Fe IX and Fe X emission lines was
used, with the maximum response at the solar plasma
2temperature ∼ 9 × 105K. We also analyzed a set of So-
lar and Heliospheric Observatory Michelson Doppler Im-
ager (SOHO MDI) [25] magnetograms co-aligned with
the STEREO EUVI images. Both image sets were dero-
tated and rebinned down to the spatial resolution 0.6
arcsec, with the average sampling time 66.1 s. The ob-
tained data cubes contained 770×500×952 points in the
latitudinal, longitudinal, and temporal directions, corre-
spondingly. The field of view was close to the disk center
ensuring small projection distortions.
Fig. 1(a) shows a sample STEREO EUVI image com-
bined with isolines (shown in black) of the unsigned line-
of-sight SOHO MDI magnetic flux in the studied solar
region. The observed fragmented magnetic carpet and
sparse coronal emission pattern are typical of a quiet
Sun [26–29]. Some of the bright coronal locations co-
incide with magnetic field reversals, as expected for the
quiet-Sun magnetic network (see, e.g., [30]), and could
be sites of low-altitude magnetic reconnection [1].
The inter-event time of flaring events in the quiet so-
lar corona is typically shorter than the event duration [9].
Multiple events developing at different locations can over-
lap in time, and their proper analysis requires spatiotem-
poral [31], as opposed to time-series based [19, 22], detec-
tion techniques. Our detection method [32–34] identifies
image features staying for more than one sampling inter-
val above a specified detection threshold and occupying
separable connected subvolumes in the three-dimensional
(3D) space-time.
The first step of the applied feature-tracking technique
consists of building a table of contiguous time intervals
called activations where the local values of the studied
data field exceeds the detection threshold [34]. Next, we
labeled spatially connected clusters of activations using
the “breadth-first search” principle to avoid backtracking
of search trees. All 27 nearest neighbors in the 3D space-
time, including the diagonal neighbors, were considered
to identify the connected clusters which were treated as
individual solar events. The detection thresholds were
adjusted to represent comparable levels of intermittency
in the studied image sets [9], yielding 4124 coronal and
5912 photospheric events (Fig. 1(b)). The results re-
ported below for these sets of events have been also re-
produced for several other combinations of thresholds.
The occurrence time t of every event was measured using
two alternative methods: based on the event onset time
t1 or its average time (t1 + t2)/2, where t1 (t2) is the
time of the first (last) image containing the event. We
also recorded the average starting heliographic position
r of each detected event.
Due to a high average occurrence rate of coronal events
(more than 4 events per sampling interval), their tempo-
ral clustering could not be tested using inter-event time
distributions [19, 20]. Instead, we applied the CI tech-
nique [35] based on the analysis of second-order moments
of the multifractal expansion of a clustered stochastic set
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FIG. 1. (a) Color-coded map of coronal emission flux
(STEREO EUVI, 1:57:31 Apr 06 2007) superposed with con-
tour lines of unsigned line-of-sight component of the photo-
spheric magnetic field (SOHO MDI, 1:57:01 Apr 06 2007).
(b) Starting positions of the coronal and photospheric events
obtained using 95% and 99% percentile detection thresholds
as explained in [9].
[36, 37]. The CI characterizes the probability of finding
a pair of data points within a hypersphere of a specified
radius ǫ representing in our case temporal interval τ or
spatial distance r, and is estimated by the sum
CXY (ǫ) = KXY
∑
ζX∈X
∑
ζY ∈Y
Θ(ǫ− ‖ζX − ζY ‖) (1)
where X,Y ∈ {H,M} are sets of heating (H) or mag-
netic (M) events, ζX,Y are the occurrence times or the
positions of the events in these sets, KXY is the normal-
ization constant ensuring CXY (ǫ)→ 1 as ǫ→∞, and Θ
is the Heaviside step function. The combinations ǫ = τ ,
ζ = t and ǫ = r, ζ = r define respectively temporal and
spatial CI. If the sets X and Y are identical, eq. (1) de-
scribes auto-correlations between the events [35]. For a
self-similar clustered set X of occurrence times and po-
sitions, CXX(τ) ∼ τ
β and CXX(r) ∼ r
α, with β ≤ 1
and α ≤ 2. The special cases β = 1, α = 2 refer to the
scaling of fully uncorrelated sets of events governed by
the embedding dimension d of the analysis domain. If
the sets X and Y are distinct, the correlation dimensions
3characterize the closeness of two fractal measures [38],
with β > 1 (β < 1) and α > 1 (α < 2) signaling nega-
tive (positive) cross-correlations in temporal and spatial
domains, correspondingly [39].
The obtained CI statistics of quiet Sun events are
shown in Fig. 2. CHH , CMM , and CHM refer to the
CIs characterizing respectively auto-correlations of heat-
ing events in the corona, magnetic events in the photo-
sphere, and cross-correlations between the two. Tempo-
ral CIs are in an agreement with the non-clustering con-
dition β = 1 over an intermediate range of τ scales. As
we demonstrate below, this range is considerably broader
than the one seen in Fig. 2(a). Spatial CIs are described
by α < 2 at almost all r scales, revealing clustered lo-
cations of coronal and photospheric events. Power-law
slope of CHM (r) is also below 2 indicating positive cross-
correlation between the positions of the events in these
data sets. The physical coupling between the two so-
lar regions is likely to be driven by free magnetic energy
injected into the corona by vertical and horizontal photo-
spheric convection [40]. The linear form of the temporal
cross-CI CHM ∼ τ suggests that the occurrence times
of heating events, unlike their positions, are statistically
independent of the photospheric driver.
The local estimates of the correlation dimensions
shown in the insets of Fig. 2 diverge from their av-
erage values at the edges of the studied intervals of
scales affected by the finite instrument resolution and
the largest observable τ and r values imposed by the size
of the image and the duration of the image sequence.
To eliminate these artifacts, we used the scaling ansatz
C(ǫ) = ǫDf(ǫ)g(ǫ), where ǫ is the scale of interest, D is
the corresponding correlation dimension, f(ǫ) is the cut-
off function representing observational distortions, and
g(ǫ) accounts for a non-power law scaling behavior intrin-
sic to the solar structure and dynamics. We performed
a calibration based a synthetic set of events character-
ized by fully random timings and positions and subject
to the same observational constraints as the solar events.
The CI Cˆ(ǫ) of this random set of events is described by
g = 1 and D = d, allowing us to introduce the corrected
correlation dimensions
D∗(ǫ) = −
∂ log [C(ǫ)/Cˆ(ǫ)]
∂ log ǫ
+ d = D + δD(ǫ), (2)
in which δD = ∂ log g(ǫ)/∂ log ǫ and D∗ ∈ {β∗, α∗}. By
design, D∗ is independent of the observational distor-
tions and approaches D over a scaling range where g is
constant.
Fig. 3 displays the corrected dimensions β∗ and α∗
estimated using eq. (2) and plotted as a function of τ
and r scales. The average values and the standard errors
of the corrected dimensions are provided in Table I. The
data show that the temporal dimension is indistinguish-
able from the random prediction for τ = 3×102−5×104
s. Within this range, the dynamics of the studied solar
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FIG. 2. Analysis of temporal (a) and spatial (b) clustering of
heating and magnetic events in the quiet Sun. Dotted lines
represent log-log slopes expected in the absence of correla-
tions. The insets show the dependence of local correlation di-
mensions on temporal and spatial scales revealing non-power
law distortions eliminated in the next figure.
region is adequately described by the stationary Pois-
son process, in contrast to the active Sun showing frac-
tal clustering of flaring times over an approximately the
same range of scales [41].
The corrected spatial dimensions are consistently be-
low the value 2 over the range of scales controlled by
meso- and supergranulation (up to r ∼ 20 Mm) [3]. The
leading role of the photosphere in the emergence of this
spatial structure is manifested in its systematically lower
α∗ values (Fig. 3). The spatial cross-correlation dimen-
sion suggests that the positions of the coronal brighten-
ings are arranged in a multsicale pattern which is con-
sistent with the multiscale organization of the quiet Sun
magnetic network [39, 42]. The multiscale co-alignment
of the two event sets can be also seen in Fig 1(b).
The absence of ensemble-averaged statistical correla-
tions between the event timings leaves a possibility of a
more subtle temporal organization associated with the
presence of so-called sympathetic coronal eruptions [24]
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FIG. 3. Corrected correlation dimensions α∗ and β∗ revealing
no significant temporal correlations up to τ ∼ 15 hours but
significant spatial clustering at the meso- and supergranula-
tion scales.
TABLE I. Corrected correlation dimensions
β∗ β∗ α∗ α∗
onset times aver. times r < 20 Mm r > 20 Mm
CHH 1.01±0.03 1.00±0.02 1.56±0.12 1.97±0.08
CMM 1.03±0.07 1.00±0.03 1.45±0.14 2.01±0.06
CHM 1.06±0.07 1.02±0.03 1.78±0.15 2.01±0.04
triggering secondary instabilities via magnetohydrody-
namic (MHD) waves. We tested this scenario using a
causal network approach. Each coronal event was con-
sidered as a node of a directed graph. Outgoing links
are added between a given event and all other events
occurred within a 5 minute interval after that event, ex-
cluding the events described by a zero time lag. The links
could represent causal connections between the events re-
sulting in their nearly-simultaneous occurrence, but they
can also be random. The Erdo˝s–Re´nyi random graph [43]
model predicts that in the latter case, the degree distri-
bution p(k) describing the probability of finding a node
with k incoming or outgoing links follows a binomial dis-
tribution which converges to a Poisson distribution for
large N : p(k) ≈ e−〈k〉〈k〉
k
/k!, where 〈k〉 is the average
number of links per node [43–45].
The out-degree distribution of the photospheric graph
is fairly close to this prediction, but the coronal graph
shows a systematic departure from the Poisson law for
k & 25 (Fig. 4) where the number of outgoing links
is systematically larger compared to the random graph.
These hub events have no effect on the CI shape as they
account for less then 3% of the total population of events,
but they can be quite important as triggers of secondary
heating activity. Sympathetic events in solar active re-
gions have been considered in the context expanding flux
ropes working as MHD triggers of a second generation of
reconnection events [24]. Our analysis speaks in favor of
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FIG. 4. Out-degree distributions of the causal networks de-
scribing solar photosphere and corona. Thin lines surround-
ing each distribution show histogram errors at the level of 3
standard deviations. Dotted lines are the Poisson fits cor-
responding to the Erdo˝s–Re´nyi random graph model using
the provided average numbers of links of heating (λH) and
magnetic (λM ) events.
such remote interactions in the quiet corona. We found
that the average transverse coronal length of the outgo-
ing links attached to highly-connected events is 160± 30
Mm. This distance is traveled in ≤ 300 s, implying a
communication speed of 500 km/s or faster. The pro-
vided estimate is consistent with the Alfve´n speeds in
the corona measured using the coronal magnetography
[46] and other remote techniques (see e.g. [47] and refs
therein).
Together with the power-law distribution of events
sizes published earlier [9], our findings indicate that the
bulk heating of the corona can be controlled by SOC-
like avalanches of energy dissipation [10, 15] up to the
time scales comparable with the lifetime of supergranu-
lation cells [29]. The preferred locations of heating events
are preconditioned by the nonuniform distribution of free
magnetic energy supplied by the photosphere [30]. How-
ever, the moments at which the stored energy is released
are likely to be determined by local instability conditions
rather than the large-scale energy supply, and are es-
sentially random. A more coherent energy dissipation
associated with turbulent plasma heating (see e.g. [18])
could, in principle, occur at ∼ 102 s time scales not prop-
erly resolved in this study. Finally, the performed causal
network analysis suggests that bulk coronal heating is,
at least partially, a nonlocal phenomenon which may in-
volve long-distance Alfve´nic interactions between remote
coronal regions. This non-locality could play a signifi-
cant part in triggering secondary instabilities in the quiet
corona and must be addressed in future models of coronal
heating.
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